G[ap]{.smallcaps} junctions are cell-to-cell channels that mediate intercellular communication by exchanging small diffusible molecules like second messengers, metabolites, and ions of up to 1,000 D molecular mass. These channels can be formed after docking of two hemichannels (connexons) in the plasma membranes of adjacent cells. Each hemichannel is composed of six subunit proteins, the connexins (Cx),^1^ which are coded by a multigene family of at least 13 members in the murine genome (for reviews see [@B2]; [@B11]; [@B16]). Connexin proteins are cell type specifically expressed, but many cells express more than one connexin. It has been shown that the permeability of connexin channels, which consist of one or two types of connexin proteins, is different with regard to ions and tracer molecules ([@B34]; [@B42]; [@B8]). The physiological relevance of these permeability differences is not clear.

Recently, targeted disruption of connexin genes has been used to study the consequences of lacking connexin proteins in mutant mice. Surprisingly, disruption of the connexin43 (Cx43) gene, which is expressed during early embryogenesis, revealed no severe developmental disturbances until birth, when the homozygous defective mice died with a morphological heart defect. This malformation led to obstruction of the right ventricular outflow tract to the lung and, thus, to death shortly after birth ([@B26]). Homozygous connexin32 (Cx32)-deficient mice showed normal viability and fertility but exhibited significantly lower release of glucose from glycogen upon electrical stimulation of sympathetic liver nerves ([@B22]).

In adult rats and mice, the Cx26 protein is coexpressed with Cx32 in hepatocytes ([@B23]), other exocrine glands ([@B17]), and, together with other connexin proteins, in kidney as well as skin. Cx26 was detected in rat brain after day 12 post coitum (dpc) and was found in ependyma, leptomeninges, and pinealocytes ([@B7]). Recently [@B15] have shown that a mutation of the Cx26 gene in humans can lead to a nonsyndromic sensorineural deafness. During pregnancy, Cx26 is induced in rodent uterine epithelium in response to embryo recognition at implantation ([@B47]). In addition, Cx26 has been shown to be abundantly expressed during the second half of gestation in the three-layered trophoblast of the rat placental labyrinth ([@B29]; [@B28]). These gap junctions have been suggested to serve as channels for diffusion of nutrients between maternal and fetal blood vessels ([@B18]). [@B36] and [@B32] immunolocalized Cx26 between syncytiotrophoblasts I and II, whereas the glucose transporter protein (GLUT1) was located in the plasma membrane on the maternal side of syncytiotrophoblast I and on the fetal side of syncytiotrophoblast II. These authors hypothesized that diffusion of glucose across both syncytial layers of the placental labyrinth into fetal blood is mediated by glucose transporter proteins and Cx26 gap junctional channels.

We inactivated the murine Cx26 channel by targeted disruption of the Cx26 gene in embryonic cells and found an essential role for placental function. The uptake of 3-*O*-\[^14^C\]methylglucose from maternal blood into the 10-dpc embryo was severely impaired compared with wild-type littermates. Thus, Cx26-containing gap junction channels serve for transplacental uptake of glucose and presumably other nutrients that appear to be necessary for growth and intrauterine survival of the mouse embryo during transition from early to midgestation.

Materials and Methods {#MaterialsMethods}
=====================

Construction of Targeting Vector
--------------------------------

The mouse Cx26 gene was isolated by screening a genomic library from BALB/c mice ([@B12]), using a Cx26 cDNA probe ([@B48]). Positive clones were subcloned into pUC19 and pBluescript SK+ vectors (Stratagene, Heidelberg, Germany). Restriction mapping and DNA sequencing yielded the restriction map of the mouse Cx26 gene shown in Fig. [1](#F1){ref-type="fig"} *A*. A SalI/BclI fragment (10.05 kb) upstream and a Sau3A fragment (1,254 bp) downstream of the Cx26 coding sequence gene were cloned into SalI/BamHI and BamHI sites, respectively, of the pBR322-based pTNe+ vector, which contained the herpes simplex virus thymidine kinase gene, the neomycin-resistance gene driven by the phosphoglycerate kinase (PGK) promoter, and two multiple cloning sites for two-step cloning of vectors for positive and negative selection. Between the upstream and downstream Cx26 fragment, the 1,065 bp that code for the amino acids 83--226 of Cx26 were missing.

Electroporation and Selection of Embryonic Stem Cells
-----------------------------------------------------

E14 embryonic stem (ES) cells ([@B13]) derived from the 129/ Ola mouse strain were cultured as monolayer on mitomycin C--treated mouse embryonic feeder fibroblast in DME. After linearizing by NotI digestion, the targeting vector (25 μg) was treated with Klenow enzyme in the presence of α-thio dNTP and electroporated into trypsinized and suspended ES cells (2 × 10^7^) in 0.5 ml medium of a Hepes-based electroporation buffer, using a gene pulser (Bio-Rad, Munich, Germany). Cells were plated and allowed to recover for 24 h before grown in DME, containing 250 μg/ml G418 and 2 μM gancyclovir. After 10 d of selection, double-resistant ES clones were picked and transferred to a 24-well plate with feeder cells. 2 d later, the cells were split: one half was frozen, whereas the other half was plated into a 12-well plate for growth and preparation of DNA.

Analysis of Targeted ES Cell Clones
-----------------------------------

Cells, grown in a 12-well plate, were washed with PBS and lysed in 0.5 ml lysis buffer containing 50 μM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 0.5% SDS, and 50 μg proteinase K. The lysate was incubated overnight at 37°C and transferred into an Eppendorf tube. An equal volume of isopropanol was added, and the DNA was precipitated by centrifugation, washed with 70% ethanol, dried, and resuspended in water. 15 μg of DNA was digested overnight at 37°C in 50 μl of enzyme reaction mixture (1× restriction buffer, 50 μg/ml RNaseA, and 15 U of EcoRI). Electrophoresis and Southern blot hybridization of digested DNA under high stringency were performed according to standard conditions ([@B30]). A ^32^P-labeled 1.5-kb SalI/SacI-A fragment was used as 3′ external probe to identify targeted and wild-type alleles by the corresponding EcoRI fragments (Fig. [1](#F1){ref-type="fig"} *C*).

Generation of Mice Carrying the Disrupted Cx26 Allele
-----------------------------------------------------

Two different targeted ES clones, 4IVB5 and 4IVC5, were used to generate chimeric mice by injection of C57/Bl6 blastocysts with 10--20 ES cells. The blastocysts were implanted into pseudopregnant U.S. Naval Medical Research Institute out-bred mouse strain foster mothers. Progeny mice were mated with C57/BL6 mice. Offspring with agouti coat color were tested for the presence of the targeted Cx26 allele by Southern blot analysis. Heterozygous mice were interbred, and resulting animals were genotyped.

DNA Isolation and PCR Genotyping of Embryos
-------------------------------------------

In timed pregnancies, conception was assumed to have occurred around midnight before the morning when the vaginal plug was detected. The light phase in the mouse room was from 4 a.m. to 4 p.m. At 9.5, 10.5, and 11.5 dpc, embryos were dissected from maternal uterus for further analysis. The visceral yolk sac was collected and subjected to genotype determination by PCR. Yolk sac tissue was lysed overnight at 55°C in 500 μl lysis buffer containing 50 mM Tris HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 0.5% SDS, and 50 μg proteinase K. DNA was precipitated by centrifugation after adding 500 μl of isopropanol. After washing with 70% ethanol, drying, and resuspending in 10 μl water, DNA samples were used for PCR as follows: 1 μl of sample DNA was mixed with 24 μl PCR solution, containing 1× reaction buffer, 2.5 mM MgCl~2~, 0.4 mM each of the four dNTPs, and 25 pmol of each primer. The mixture was overlaid with 50 μl of mineral oil. PCR reactions were carried out for 33 cycles of denaturation at 94°C for 2 min, annealing at 64°C for 1.5 min, and extension at 72°C for 2 min.

PCR primers were selected to generate a product specific for either the wild-type or the mutant Cx26 alleles. For the wild-type allele, a 1,118-bp PCR product was generated by primers: 5′-AGCCCAGCACGCCAGTGATGAATACAATA-3′ (P2, located in Cx26 exon 2) and complementary to 5′-CCTACGGGAGACATGAAAAGAAACGGAAG-3′ (P1), a region of Cx26 exon 2, which was deleted in the mutant allele (Fig. [1](#F1){ref-type="fig"} *A*). An 827-bp PCR product was generated by primers indicative of the mutant Cx26 allele: P2 (same primer as used for detection of the wild-type allele) and 5′-GGATCGGCCATTGAACAAGATGGATTGCAC-3′, which annealed to the PGKneo cassette (Fig. [1](#F1){ref-type="fig"} *C*). In wild-type mice, a PCR product was found only with primers to the wild-type Cx26 allele. Both PCR products were detected in heterozygous mice, and only the PCR product, generated by primers to the mutant allele, was found in homozygous Cx26-deficient mice.

Reverse Transcriptase PCR
-------------------------

Individual embryos and placentas were collected at 9.5 and 10.5 dpc of gestation. Total RNA was isolated from lysates using the RNAeasy-Kit (Qiagen, Hilden, Germany). Each RNA preparation was tested for the presence of contaminating genomic DNA by PCR using primers that flanked an intron in the β-actin gene ([@B6]).

RNA preparations were reverse-transcribed using AMV reverse transcriptase (RT) (Promega, Heidelberg, Germany) with 600 pg oligo(dT)20 as primer (Promega). The RT buffer consisted of 1× reaction buffer (Promega), 4.5 mM MgCl~2~, 0.6 ml RNasin (Promega), and 0.4 mM of each dNTP (GIBCO BRL, Eggenstein, Germany). Aliquots of the reaction solution (30 μl total volume) were incubated for 1 h at 42°C. The cDNA preparations were stored at −20°C or used immediately.

To avoid amplification of genomic DNA, intron-spanning primers were used for detection of Cx26 mRNA. Aliquots of cDNA were amplified using primer pairs specific for exon 1 (5′-GCTTCAGACCTGCTCCTTAC-3′) and exon 2 (5′-GGTCTTTTGGACTTTCCTGAGCA-3′) of the Cx26 gene. 25 μl of the reaction mixture in 1× *Taq*-reaction buffer (Eurogentec, Seraing, Belgium) contained 2 mM MgCl~2~, 0.4 mM dNTPs, 50 pmol of each primer, and 2.5 U *Taq*-DNA-polymerase. PCR was carried out for 33 cycles of 94°C for 1.5 min, 56°C for 1 min, and 72°C for 1 min. PCR products were separated by electrophoresis through 1.5% agarose gel and visualized after staining with ethidium bromide.

Immunohistochemistry
--------------------

Isolated embryos as well as placentas were freshly frozen on dry ice or liquid nitrogen. Cryostat sections (4--7 μm) were fixed in ice-cold absolute ethanol for 5--10 min. Immunoincubation was performed as previously reported ([@B46]), using different affinity-purified primary antibodies: rabbit anti-Cx26 ([@B38]), rabbit antibodies, directed to a COOH-terminal polypeptide of Cx31 ([@B3]), rabbit anti-Cx32 ([@B38]), rabbit anti-Cx40 and anti-Cx43 ([@B39]), and anti-Cx45 (Butterweck et al., 1994*b*). Furthermore, rabbit antibodies to a COOH-terminal peptide of E-cadherin were applied ([@B43]). Appropriate fluorescein-isothiocyanate--conjugated secondary antibodies were used for staining (Sigma, Deisenhofen, Germany).

Morphology
----------

Embryos and placentas were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer overnight, postfixed in 2% osmium tetroxide for 4 h, and, after dehydration, embedded in araldite. For freeze fracturing, tissue specimen of placentas were fixed in 2.5% glutaraldehyde and processed according to routine methods ([@B45]). Replicas were obtained in a Balzers device BAF 400 D. Semithin sections as well as cryostat sections were viewed in a microscope (model Axiophot; Carl Zeiss, Oberkochen, Germany) equipped with epifluorescence. Replicas were examined in an electron microscope (model 902A; Carl Zeiss).

Transplacental Uptake of 3-O-\[^14^C\]methylglucose
---------------------------------------------------

Heterozygous defective Cx26 mice were interbred. At 10 dpc of pregnancy, radiolabeled 3-*O*-\[^14^C\]methylglucose (30 μCi, 56 mCi/mmol) (Amersham International, Buckinghamshire, UK) in 150 μl of isotonic NaCl solution was injected into the tail vein of female pregnant mice from Cx26 (+/−) intercrosses. After equilibration of the 3-*O*-\[^14^C\]methylglucose for 20 min in the maternal blood circulation, the animals were killed, and the uterus was prepared and collected in PBS. The myometrium was carefully dissected, and the embryos were separated from their extra-embryonic membranes and placentas. After inspection of heart beat and morphology of the embryo under the stereo microscope, embryos and placentas were transferred separately into 500 μl Protosol (New England Nuclear, Boston, MA). The time required for preparation of the embryos from the uterus to the Protosol solution was 2--4 min. Embryos with no heart beat, reduced size, or altered morphology were discarded. The yolk sac tissue of each preparation was washed three times in PBS and transferred to lysis buffer for isolation of DNA.

For lysis of the embryo and placental tissue, the samples were incubated overnight at 55°C. After addition of 4.5 ml scintillation solution (Rotiszint, Karlsruhe, Germany), the ^14^C radioactivity of each sample was measured in a liquid-scintillation counter (model LS-1801; Beckman Instruments, Duesseldorf, Germany). The maximum uptake of radioactivity into an embryo of one litter was set to 100%, and all uptake measurements within the same litter were evaluated relative to the maximum value. All data are represented as mean ± SD.

Results {#Results}
=======

Generation of Heterozygous Defective Mice by Targeted Disruption of the Cx26 Gene
---------------------------------------------------------------------------------

Like all other known murine connexin genes, the total coding sequence of the mouse Cx26 gene is contained in exon 2. It is preceded by an intron of ∼4 kb and a nontranslated exon 1 (Fig. [1](#F1){ref-type="fig"} *A*). The targeting vector for disruption of the mouse Cx26 gene contained a 10.05-kb upstream fragment and a 1,254-bp genomic downstream fragment of flanking DNA (Fig. [1](#F1){ref-type="fig"} *B*). The vector was designed to eliminate a 1,065-bp fragment within exon 2, corresponding to amino acids 83--226 of the Cx26 protein. Instead, a 1.1-kb fragment containing the neomycin-resistance gene under control of the PGK promoter was inserted into the coding region of the Cx26 gene. Furthermore, the PGK herpes thymidine kinase gene was linked to the upstream Cx26 flanking DNA in the vector.

The targeting vector was transfected into E14 ES cells, and transfectants were subjected to positive and negative selection in the presence of G418 and gancyclovir, respectively. DNA from surviving colonies was isolated, and a total of 100 samples were analyzed by Southern blot hybridization to identify clones in which one of the Cx26 alleles was disrupted (Fig. [1](#F1){ref-type="fig"} *C*). Homologous recombination was identified by an EcoRI fragment of the predicted size (7.3 kb), using a 3′ external hybridization probe (Fig. [2](#F2){ref-type="fig"}). Positive clones were further analyzed by Southern blot hybridization using as internal hybridization probe the 1-kb EcoRI/XbaI DNA fragment, located shortly upstream of exon 1 (cf. Fig. [1](#F1){ref-type="fig"}), and the 673-bp PstI/BamHI DNA fragment of the pPGKneo plasmid to characterize the targeted gene disruption (data not shown).

ES cells from two homologously recombined clones were independently injected into C57/Bl6 blastocysts, which were then transferred into uteri of pseudopregnant NMRI female foster mice. Both ES cell clones gave rise to germ line chimeras. Heterozygous mice exhibited normal phenotype and were fertile.

Absence of Wild-Type Cx26 Alleles Resulted in Embryonic Lethality Around Day 11 pc
----------------------------------------------------------------------------------

To investigate the in vivo effect of homozygous Cx26 deletion, heterozygous mice were intercrossed. Among ∼250 animals tested 2--3 wk after birth, no homozygous Cx26-deficient mouse was found. In addition, genotyping of all litters demonstrated that heterozygous and wild-type animals appeared at the expected ratio.

To determine the exact time of intrauterine death, pregnant females from Cx26 (+/−) intercrosses were killed, and the embryos were examined at different time points of gestation between 9.5 to 12.5 dpc. Homozygous Cx26- defective embryos, which were identified by PCR using DNA from yolk sac tissue (Fig. [3](#F3){ref-type="fig"}), developed normally up to day 10 pc. The same results were obtained with homozygous Cx26-defective embryos derived from two independent ES cell clones.

At 10.5 dpc, Cx26 (−/−) embryos were significantly smaller than the wild-type or heterozygous littermates (Fig. [4](#F4){ref-type="fig"}). No obvious malformation could be detected in semithin sections of embryos at day 10.5 pc (data not shown). Around day 11 pc, however, the homozygous defective embryos died, as diagnosed by the absence of heart beat. Subsequently, embryos became necrotic and were reabsorbed.

At 9.5 dpc, Cx26 Is Expressed in the Labyrinth Layer of the Placenta, Yolk Sac Epithelium, and Embryonic Skin
-------------------------------------------------------------------------------------------------------------

To search for the reasons of early death of Cx26 (−/−) embryos, the spatial and temporal expression pattern of Cx26 was analyzed in the wild-type embryo, and in extra-embryonic tissue at 9.5--11.5 dpc by RT-PCR and immunofluorescence. After 9.5 dpc, Cx26 mRNA was detected in the embryo (Fig. [5](#F5){ref-type="fig"}). At this time, Cx26 protein was found only in embryonic skin (cf. Fig. [6](#F6){ref-type="fig"} *A*), although all other embryonic tissues were analyzed on serial sections. At 10.5 dpc, the most prominent extra-embryonic immunohistochemical staining of the Cx26 protein was found within the labyrinth layer of the developing placenta (Fig. [6](#F6){ref-type="fig"} *B*) in those parts that are functioning in maternal--fetal exchange. Furthermore, Cx26 transcripts had also been detected in the placenta at 9.5 and 10.5 dpc (cf. Fig. [5](#F5){ref-type="fig"}).

Immunolabeling revealed already at 9 dpc the typical punctate staining of gap junctional plaques at the lateral membrane of the visceral yolk sac epithelium, a derivative of extra-embryonic endoderm (shown for 10.5 dpc in Fig. [6](#F6){ref-type="fig"} *B*). At the same time, strong immunoreactivity of the Cx26 protein was restricted to the three-layered trophoblast of the developing placental labyrinth. On day 9.5 pc, large gap junctional plaques were seen between trophoblast cells in the labyrinth by electron microscopy of freeze-fractured specimens (Fig. [6](#F6){ref-type="fig"} *C*).

As expected, no immunohistochemical Cx26 staining could be detected in Cx26-deficient mice, in contrast to strong signals in the labyrinthine trophoblast of wild-type placenta (cf. Fig. [7](#F7){ref-type="fig"} *A* with *B*). Cadherins appear to have a synergic effect on gap junction mediated cell--cell communication ([@B14]; [@B19]; [@B44]). E-cadherin, normally coexpressed in the labyrinth with Cx26, was still observed and served as marker of the labyrinthine region in the placenta of Cx26 mutant mice (Fig. [7](#F7){ref-type="fig"} *C*).

We also searched in Cx26 wild-type mice for expression of additional connexin proteins in mouse placenta and yolk sac epithelium using affinity-purified antibodies to Cx31, Cx32, Cx37, Cx40, Cx43, and Cx45. In addition to Cx26, only Cx32 and Cx43 immunosignals were detected at lateral membranes of the yolk sac epithelium. In the placenta, Cx43 and to a lesser extent Cx31 immunoreactivity was noticed in the spongiotrophoblast, but no further connexin protein could be detected in the labyrinth region (data not shown).

The Morphology of Cx26 (−/−) Placentas Did Not Show Dramatic Alterations
------------------------------------------------------------------------

Semithin sections of Cx26 (−/−) placenta, compared with wild-type mouse placenta, revealed the same morphological organization (cf. Fig. [8](#F8){ref-type="fig"} *A* with *C*). Both placentas exhibited the same trophoblastic layers of labyrinthine trophoblast, spongiotrophoblast, and trophoblast giant cells without obvious differences in cell morphology. There were some indications for retarded placental development at 10.5 dpc. Ingrowth of embryonic mesenchyme from the chorionic plate seemed to be more extended in wild-type than in Cx26 (−/−) placentas. As a consequence, the placental labyrinth of wild-type animals contained more embryonic blood vessels and appeared more enlarged (cf. Fig. [8](#F8){ref-type="fig"} *B* with *D*).

Transplacental Uptake of 3-O-\[^14^C\]methylglucose Was Decreased in Cx26 (−/−) Embryos
---------------------------------------------------------------------------------------

To investigate alterations in maternal--fetal transfer of glucose in Cx26 mutant mice (for scheme see Fig. [9](#F9){ref-type="fig"} *A*), we measured the uptake of the nonmetabolizable glucose analogue 3-*O*-\[^14^C\]methylglucose at day 10 pc into all embryos of several litters from Cx26 (+/−) intercrosses. As mentioned above, great care was taken to analyze only embryos of the same size, as determined by visual comparison. The radioactive compound was injected into the tail vein of pregnant mice, and radioactivity was measured in embryos, removed 20 min after injection. The viability of all embryos was confirmed by the presence of heartbeat. Heterozygous and wild-type embryos showed no significant differences in the uptake of the glucose analogue. Homozygous Cx26-defective embryos revealed, however, a 60% decrease (*P* \< 0.01) in uptake of 3-*O*-\[^14^C\]methylglucose, compared with wild-type and heterozygous embryos of the same litter (Fig. [9](#F9){ref-type="fig"} *B*).

Discussion {#Discussion}
==========

This study demonstrates that homozygous mutant mice lacking functional Cx26 protein died in utero during the transient stage between early and midgestation. This lethality is likely due to functional disturbances of the chorioallantoic placenta lacking gap junctional Cx26 channels in the labyrinthine part. The mutant embryos were smaller, presumably because of starvation, but exhibited no obvious malformations. Thus, the early embryonic death was probably not caused by embryonic malformations but by dysfunction of the placenta. This notion was supported by the finding that, at this critical time of development, Cx26 was exclusively expressed in wild-type embryonic skin. Extra-embryonically, Cx26 was detected, among other connexins (Cx32 and Cx43), in wild-type yolk sac epithelium and abundantly in the labyrinth part of the chorioallantoic placenta after 9.5 dpc, where no other connexins were found. At this stage of development, the function of the yolk sac to mediate nutrition and waste disposal of the embryo is more and more taken over by the chorioallantoic placenta.

Both types of placentas, the yolk sac and chorioallantoic, have their own essential roles in development (for review see [@B10]). The yolk sac is of endodermal origin and surrounds the embryo as well as an extra-embryonic part in a double sac. In early stages of development, the mouse embryo is totally dependent on the yolk sac for supply of nutrients. During this so-called histiotrophic phase, the epithelial cells of the parietal yolk sac absorb proteins as well as glucose from the yolk sac cavity and hydrolyze the proteins ([@B1]; [@B27]; [@B20]). After formation of vitelline blood vessels, the transcytotic pathway via the yolk sac epithelium to the embryonic blood vessels starts to function ([@B1]; [@B24],*b*; Freeman and Loyd, 1983). Although Cx26 is missing in the yolk sac epithelium, the Cx26 (−/−) mouse embryo seems to develop normally during this early phase, and the yolk sac placenta does not show obvious changes in morphology. Because of the localization of Cx26 at lateral membrane borders between visceral yolk sac epithelial cells, the channels do not seem to be involved in the transcellular transport of nutrients. Dysfunction of the yolk sac placenta due to the lack of Cx26 is probably compensated by the other connexins expressed. If Cx26 deficiency had resulted in a defective function of the yolk sac placenta, embryonic defects would have been expected to become obvious already during early gestation. Thus, we think it unlikely that Cx26 channels are involved in transport function of the yolk sac epithelium. Around 8.5 dpc, the chorioallantoic placenta starts to develop by fusion of the allantois with the extra-embryonic ectoderm and ectoplacental cone ([@B21]), forming the chorionic plate and stimulating the differentiation of trophoblast cells into the placental labyrinth. It has been considered that the labyrinthine trophoblast is a derivative of the extra-embryonic ectoderm, which fits with observations by [@B28], who detected E-cadherin and weak expression of Cx26, both markers of the labyrinth, in the extra-embryonic ectoderm at this stage of development. Concomitant with establishment of the labyrinth, the materno--fetal exchange is initiated, resulting in rapid growth and progressing organogenesis of the embryo.

In contrast to human placenta that contains one giant syncytiotrophoblast, the murine placenta consists of syncytiotrophoblast layers I and II, which are interconnected through gap junctions to facilitate the transport of nutrients, such as glucose ([@B18]; [@B35]). These morphological differences explain why mutations in the human Cx26 gene do not appear to affect placental efficiency ([@B15]). In the present study and by investigations in the rat, it has been shown that gap junctions of the labyrinth contain Cx26 protein, which is expressed shortly after chorioallantoic fusion ([@B28]). [@B36] and [@B32] reported that the glucose transporter protein GLUT1 was localized in the rat placenta in the apical membrane of syncytiotrophoblast layer I and the basal membrane of syncytiotrophoblast layer II, close to the fetal blood stream. Cx26 immunoreactivity was found in membranes between syncytiotrophoblast layers I and II. These authors suggested that uptake and release of glucose occurred via GLUT1 and intercellular transport via Cx26 channels (cf. Fig. [9](#F9){ref-type="fig"} *A*). This hypothesis is supported by our experimental data. We found 60% decrease in the uptake of 3-*O*-\[^14^C\]methylglucose on 10 dpc, when the functional chorioallantoic placenta was established. The remaining 40% of embryonic glucose uptake are likely to occur mainly through the yolk sac epithelium, since GLUT1 has been found in rat yolk sac placenta very early in development ([@B40]). Some transfer of glucose between syncytiotrophoblasts I and II might also be mediated via the extracellular space by GLUT1 proteins that were expressed at low level in the same plasma membrane where Cx26 was detected (cf. Fig. [9](#F9){ref-type="fig"} *A*; [@B32]). Recently, in addition to GLUT1, localization of high-affinity glucose transporter GLUT3 in the labyrinth region has been reported ([@B33]). This could also contribute to the alternative transplacental transfer route of glucose. In addition, exchange of many other small molecules, such as essential amino acids, is likely to be mediated by Cx26-containing gap junction channels in murine placenta. In Cx26 (−/−) placentas, defective uptake of maternal nutrients or defective removal of embryonic waste products may contribute to early embryonic death.

The lack of Cx26 channels did not seem to directly affect labyrinth formation, although there were some indications of a retardation in placental development. We found that fetal mesenchymal ingrowth, concomitant with fetal vessels, seemed to be less extensive. Like in the embryo, retardation in the establishment of the placenta could be caused by malnutrition of compact trophoblast cell aggregates at this developmental stage, when the lack of Cx26 channels restricted supplementation with nutrients from the maternal blood sinus. This phenomenon may have enhanced malnutrition leading to embryonic death. In contrast to Cx26-deficient mice, disruption of the gene coding for hepatocyte growth factor/scatter factor led to a severely impaired placenta with a size reduction in labyrinthine trophoblast and to embryos that died in utero around 13 dpc ([@B41]; [@B31]). [@B5] has reviewed targeted gene defects that affect routes of nutritional interaction of the embryo with the mother, including formation of the chorioallantoic placenta.

The embryonic lethality of Cx26 (−/−) mice precluded studies of functional importance of Cx26 gap junction channels in the adult animal. As mentioned, Cx26 is coexpressed in adult rats and mice with Cx32 in exocrine glands. This coexpression has been most intensively studied in liver. Recently, it has been shown ([@B22]) that Cx32-defective mice were viable and fertile but exhibited decreased release of glucose from glycogen upon stimulation of hepatic sympathetic nerves. Furthermore, Cx32 (−/−) mice developed spontaneous and chemically induced liver tumors ([@B37]). Cultured Cx32 (−/−) hepatocytes showed still ∼40% dye transfer, compared with wild-type hepatocytes, due to functional Cx26 gap junctional channels. Thus, a decreased level of functional Cx26 channels in Cx32 (−/−) mice appears to be consistent with normal development and function of liver as well as other exocrine glands but cannot propagate among hepatocytes sufficient inositol 1,4,5 trisphosphate to stimulate wild-type level of glucose mobilization and does not protect against hepatocarcinogenesis. Therefore, Cx26 and Cx32 gap junctional channels are likely to have different biological functions. In the placenta, probably mainly glucose, small molecular weight nutrients and ions are transferred through Cx26-containing gap junctions between syncytiotrophoblast layers I and II from maternal to fetal blood. This is different from the function of gap junctions between hepatocytes, where efficient intercellular communication by second messenger molecules, such as inositol 1,4,5 trisphosphate, may require Cx32-containing gap junctional channels to be expressed. We are only beginning to gain insight into the reasons for functional diversity of connexin channels. In the future it should be possible to study the biological function of Cx26 channels in adult mice by cell type--specific deletion of the Cx26 gene or by functional replacement ("knock-in") with other connexin genes.
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![Targeted disruption of the Cx26 gene and transcriptional analysis. (*A*) Mouse Cx26 wild-type gene with noncoding exon 1 (*Ex1*) and exon 2 (*Ex2*) harboring the complete reading frame. (*B*) Targeting vector: a 1,065-bp fragment of Ex2 was replaced by the neo cassette driven by the PGK promoter. A herpes simplex virus TK cassette was inserted at the 5′ end. The construct was linearized by digestion with NotI, and sticky ends were filled with α-thio dNTP. (*C*) Mutated, recombinant Cx26 locus and informative restriction fragments, to be compared with the corresponding fragments, in *A*. The 12- and 7.3-kb fragments represent wild-type and targeted alleles, respectively. The localization of the 3′-external probe and the position of the primers used to genotype embryo yolk sac DNA are shown. PCR primers were selected to generate a 1,118-bp DNA product indicative of the wild-type allele or a 827-bp product due to the targeted Cx26 allele.](JCB15125.f1){#F1}

![Southern blot hybridization using EcoRI-digested DNA from ES cell clones and the 3′-external probe shown in Fig. [1](#F1){ref-type="fig"} *C*. Lanes *1* and *2*, heterozygous recombinant ES cell clones 4IVB5 and 4IVC5, identified by the 12-kb wild-type and the 7.3-kb targeted fragments. Lanes *3--7*, wild-type ES cell clones.](JCB15125.f2){#F2}

![PCR analysis of DNA from embryonic yolk sac tissues of all embryos from one litter at day 10 pc. The presence of the wild-type (*WT*) allele was indicated by the 1,118-bp PCR product generated by the primers P1 and P2 (Fig. [1](#F1){ref-type="fig"} *A*). The targeted allele was indicated by the 827-bp PCR product using primers P3 and P2 (Fig. [1](#F1){ref-type="fig"} *C*). Lane *5*, wild-type embryo; lanes *1*, *2*, *4*, and *7*, heterozygous Cx26-deficient embryos; lanes *3*, *6*, and *8*, homozygous Cx26-deficient embryos.](JCB15125.f3){#F3}

![External appearance of two embryos of the same litter around 10.5 dpc of pregnancy. At this time, the homozygous, Cx26 defective embryo (*left*) was significantly smaller than the wild-type littermate (*right*). Bar, 1.5 mm.](JCB15125.f4){#F4}

![Results of RT-PCR analysis, using intron-spanning primers and Cx26 mRNA from wild-type embryos and placentas at 9.5 and 10 dpc. Lane *1*, size marker; lane *2*, adult liver (control); lane *3*, adult heart (control). RT-PCR products due to Cx26 mRNA were found in embryos on day 9.5 pc (lane *4*) and at higher amounts in embryos on 10.5 pc (lane *6*). A strong signal for Cx26 was demonstrated in placentas of day 9.5 (lane *5*) and 10.5 pc (lane *7*). Primers to β actin cDNA were used as amplification control.](JCB15125.f5){#F5}

![Expression of Cx26 protein in embryonic skin (*A*) and placenta (*B*) of wild-type embryos on day 10.5 pc. (*A*) Punctate immunoreaction was detected in developing skin (*SK*), *M*, mesenchyme. (*B*) Intensive staining of Cx26 protein in the labyrinthin (*L*) part of the placenta was observed. In addition, the yolk sac (*YS*) epithelium showed some staining at lateral cell borders. (*C*) Freeze-fractured placental labyrinth of a wild-type embryo on 9.5 dpc. Abundant gap junctional plaques (*arrow*) were found within the labyrinth layer. The arrowhead indicates direction of shadowing. Bars: (*A* and *B*) 57 μm; (*C*) 0.2 μm.](JCB15125.f6){#F6}

![Placenta on day 10.5 pc of wild-type and Cx26-deficient placentas, as seen on phase contrast (*left*) and immunofluorescence micrographs (*right*). (*A*) Phase contrast micrograph of cryostat section showing the transition of the labyrinth to the spongiotrophoblast in wild-type placenta. Cx26 immunoreactivity was only seen in the trophoblast layers of the labyrinth. (*B*) Cryostat section of the same region as in *A*. No immunostaining of Cx26 antigen was observed in the labyrinth of Cx26 (−/−) placenta. (*C*) Region between labyrinth and spongiotrophoblast of Cx26 (−/−) placenta. E-cadherin was detected by immunostaining, similar as in wild-type placentas where it was coexpressed with Cx26. *L*, labyrinth; *S*, spongiotrophoblast. Bar, 100 μm.](JCB15125.f7){#F7}

![Morphology of placentas of homozygous Cx26 mutant and wild-type embryos on 10.5 dpc. (*A*) Overview of wild-type placenta showing the normal organization with chorionic plate, labyrinth (*L*), and spongiotrophoblast (*S*). (*B*) Higher magnification revealed chorionic plate (*CP*), ingrowth of fetal stroma, and several fetal blood vessels (*arrows*) within the labyrinth (*L*). (*C*) Overview of a Cx26 (−/−) placenta revealing the same organization of labyrinth (*L*), and spongiotrophoblast (*S*) and decidua (*D*), as shown in *A*, but less extended than in wild-type placenta. (*D*) Higher magnification showed a more compact labyrinth trophoblast with only few fetal vessels (*arrow*). *L*, labyrinth. Bars: (*A* and *C*) 400 μm; (*B* and *D*) 100 μm.](JCB15125.f8){#F8}

![(*A*) Schematic drawing of the trophoblast layers of the labyrinth in the murine placenta. The localization of gap junctional Cx26 channels and glucose transporter GLUT1 proteins as well as the likely route of glucose transfer from maternal to fetal blood vessels are illustrated. Glucose enters via GLUT1 the cytoplasm of the syncytiotrophoblast I, diffuses mainly via gap junction channels into syncytiotrophoblast layer II, and is released via GLUT1 at the basal side of the trophoblast membrane into fetal blood circulation through fenestrated endothelial cells (adapted from [@B36]). *M*, maternal blood; *Cyt*, cytotrophoblast; *Syn I*, syncytiotrophoblastic layer I; *GJ*, Cx26-containing gap junctions; *Syn II*, syncytiotrophoblastic layer II; *BL*, basal lamina; *E*, endothelial cell; *F*, fetal blood circulation. (*B*) Uptake of 3-*O*-\[^14^C\]methylglucose into whole embryos at day 10 pc from maternal blood across the placenta. Significantly decreased accumulation (*P* \< 0.01) of radioactivity was measured in homozygous Cx26-defective (−/−) embryos compared with heterozygous (+/−) and wild-type embryos (+/+). *n* designates the number of embryos investigated.](JCB15125.f9){#F9}
